An area of considerable interest within the aerospace community is the use of structurally-integrated transducers for detecting and monitoring damage in aircraft structures. Such Structural Health Monitoring (SHM) systems offer the possibility to provide non-destructive inspections on-demand and consequently provide a basis for condition-based maintenance on airframes. This approach potentially offers maintenance cost savings and possible improvements in performance when compared to current timebased techniques for detecting and monitoring structural damage. A wide-area damage detection technique under extensive investigation by researchers, on small-scale coupons to full-scale test articles, is acousto-ultrasonics (AU) using structurallyintegrated piezoelectric transducers. For any SHM technique to be successfully applied to an operational aircraft in the field the SHM hardware needs to be fit for purpose i.e. easy to use, compact, portable, light, electrically and mechanically robust and provide reliable and accurate measurements. Additionally, in order for researchers to extend, demonstrate and validate AU based SHM techniques under various aerospace structural scenarios, instrumentation is required that is functionally flexible, expandable and relatively inexpensive. In order to facilitate the development, validation and implementation of AU based SHM in the aerospace community the Australian Defence Science and Technology Group (DST Group) has developed a compact device for AU excitation and interrogation, called the Acousto Ultrasonic Structural health monitoring Array Module (AUSAM + ). The module, which has the footprint of a typical current generation smart phone, provides autonomous control of four send and receive piezoelectric elements, which can operate in pitch-catch or pulse-echo modes and can undertake electromechanical impedance measurements for transducer and structural diagnostics. Other key features include an ability to (1) accommodate larger transducer arrays by operating synchronously with other units, via an optical link; (2) cater for fibre optic sensing of acoustic waves with four intensity-based optical inputs; (3) measure temperature and strain; (4) be triggered externally; and (5) allow the users to easily access the full hardware functionality via a Matlab or Python hardware object, thus Smithard et al. / Procedia Engineering 188 ( 2017 ) 448 -455 providing enormous flexibility for the creation of custom interfaces. This paper provides an overview of the system and its capabilities and demonstrates the efficacy of the system via a simple laboratory AU study on a flat plate.
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Abstract
An area of considerable interest within the aerospace community is the use of structurally-integrated transducers for detecting and monitoring damage in aircraft structures. Such Structural Health Monitoring (SHM) systems offer the possibility to provide non-destructive inspections on-demand and consequently provide a basis for condition-based maintenance on airframes. This approach potentially offers maintenance cost savings and possible improvements in performance when compared to current timebased techniques for detecting and monitoring structural damage. A wide-area damage detection technique under extensive investigation by researchers, on small-scale coupons to full-scale test articles, is acousto-ultrasonics (AU) using structurallyintegrated piezoelectric transducers. For any SHM technique to be successfully applied to an operational aircraft in the field the SHM hardware needs to be fit for purpose i.e. easy to use, compact, portable, light, electrically and mechanically robust and provide reliable and accurate measurements. Additionally, in order for researchers to extend, demonstrate and validate AU based SHM techniques under various aerospace structural scenarios, instrumentation is required that is functionally flexible, expandable and relatively inexpensive. In order to facilitate the development, validation and implementation of AU based SHM in the aerospace community the Australian Defence Science and Technology Group (DST Group) has developed a compact device for AU excitation and interrogation, called the Acousto Ultrasonic Structural health monitoring Array Module  (AUSAM   +   ) . The module, which has the footprint of a typical current generation smart phone, provides autonomous control of four send and receive piezoelectric elements, which can operate in pitch-catch or pulse-echo modes and can undertake electromechanical impedance measurements for transducer and structural diagnostics. Other key features include an ability to (1) accommodate larger transducer arrays by operating synchronously with other units, via an optical link; (2) cater for fibre optic sensing of acoustic waves with four intensity-based optical inputs; (3) measure temperature and strain; (4) be triggered externally; and (5) allow the users to easily access the full hardware functionality via a Matlab or Python hardware object, thus providing enormous flexibility for the creation of custom interfaces. This paper provides an overview of the system and its capabilities and demonstrates the efficacy of the system via a simple laboratory AU study on a flat plate.
Introduction
Incorporating transducers permanently within aircraft structures potentially enables on-demand non-destructive inspection (NDI) and could provide a basis for the development of condition-based maintenance approaches for airframes. These structural health monitoring (SHM) systems consequently offer the potential for sustainment cost savings, increased aircraft availability, the introduction of agile automated logistical approaches as well as performance improvements over conventional NDI as well performance improvements over conventional NDI as well as an increase in aircraft availability. Currently, a promising wide-area diagnostic tool under extensive investigation is acousto-ultrasonics (AU) [1, 2, 3] . The approach typically involves the attachment of a low density array of piezoelectric elements to provide the necessary Lamb waves excitation and sensing functions for AU interrogation in either pitch-catch or pulse-echo modes. Fibre Bragg gratings (FBG) offer an alternative sensing system for AU applications in the pitch-catch arrangement [4] . The introduction of FBGs as a sensing tool offers the ability to provide temporal and spatial elastic wave measurements using an array of distributed FBGs in the one fibre [5] .
From an aircraft maintenance perspective AU-based SHM may be applied either in the hanger during regular or ad-hoc maintenance actions or during flight. For either approach the hardware for the AU interrogation needs to be fit for purpose, i.e. easy to use, compact, portable, light, electrically and mechanically robust and provide reliable and accurate measurements. If the instrumentation is to be installed on the aircraft then it must also be fit for flight, i.e. flight certified. From a research perspective the instrumentation should be highly flexible in its operational configuration in order to investigate the numerous scientific and engineering issues associated with AU based SHM.
With the above drivers in mind, the Defence Science and Technology (DST) Group has developed a light robust and compact portable device, called the Acousto Ultrasonic Structural health monitoring Array Module (AUSAM + ), for high bandwidth (up to 5 MHz) AU excitation and interrogation. The AUSAM + , which is a substantial upgrade from the original AUSAM [6] , has the footprint of a typical smart phone, provides autonomous control of four send and receive piezoelectric elements, can operate in pitch-catch or pulse-echo modes and can undertake electromechanical impedance measurements for transducer and structural diagnostics. The module also caters for optical fibre sensing of acoustic waves with four intensity-based optical inputs and allows the users to easily access the full hardware functionality via a Matlab or Python hardware object. This paper provides an overview of the system and its capabilities, and demonstrates the efficacy of the system via a simple laboratory AU study on a flat plate.
System Overview
Overview
The AU-SHM activities within DST Group have focused on using high order Lamb waves to bolster the diagnostic information during AU interrogation rather then using conventional approaches which mainly focus on interrogation below the first cut-off frequency. In order to excite these higher order modes, high excitation voltage (over 100 Vp-p) with high frequency response (up to and exceeding 2 MHz) is required. With the absence of COTS instrumentation to achieve such demands with adequate noise performance, reliability and device size, DST Group initiated a program to design instrumentation capable of driving a piezo-ceramic transducer with capacitance ranging from 1 nF to 10 nF at excitation voltages of 200 Vp-p over a frequency bandwidth of 50 kHz to 5 MHz. A self-diagnostic capability in the form of an electromechanical (EM) impedance measurement capability was also prescribed to enable the structural health of the transducer system to be determined. At the time of system development the DST Group had embarked on a research program utilising FBGs for AU monitoring using an intensity based interrogation approach; hence an ability to measure the light intensity within optical fibre sensors using photodiodes was also incorporated in the system requirements. The configurable AUSAM + acquisition system supports four low noise independent channels each with +55dB of programmable gain, where data can be acquired on either PZT or optical PIN diodes over the full excitation bandwidth. Integrated transmit-receive switches at the beginning of each channel allows excitation and acquisition to coexist seamlessly for both pulse-echo and pitch-catch configurations while a special configuration provides monitoring of the PZT excitation voltage and current waveforms, thus satisfying the self-diagnostic EM impedance measurement. A more detailed description of the hardware, software and operating modes of the AUSAM + , with some first-of-class (FOC) performance results, was reported in a previous paper [7] .
Other capabilities of the system which are yet to be assessed are the strain and temperature measurements. Further ancillary resources include ground isolated triggers and an industrial fibre communications ring for multiple module remote control. All this functionality is managed by an intuitive Matlab or Python hardware object that can be driven by custom Graphical User Interfaces (GUI) or scripts which are quick and straightforward to develop.
AUSAM + Laboratory Demonstration
Objective
A laboratory experiment was designed to illustrate the versatility of the system by demonstrating its ability to quickly and easily undertake a number of critical AU-SHM functions. In this demonstration a typical laboratory AU interrogation configuration was developed consisting of two PZT elements on a flat aluminium plate utilising pulseecho and pitch-catch operating modes. Damage in the plate was simulated by introducing a notch which was progressively grown in depth and length. As indicated previously, the AUSAM + unit has the ability to undertake EM impedance measurements to facilitate health checks of the transducer system. Consequently, the experiment also incorporated damage to the excitation source, a Lead Zirconate Tinanate (PZT) piezo-ceramic transducer system, in the form of de-bonding in the adhesive layer. The ability of the AUSAM + to simultaneously provide AU measurement on an FBG was also demonstrated showing the ease with which this increasingly popular AU interrogation modality can be integrated alongside PZT elements.
Experimental set up
The experiment consisted of a 600 mm square 0.8 mm thick aluminium plate with two 6.5 mm diameter 0.5 mm thick PZT discs bonded to the surface with silver loaded epoxy and one 5 mm long FBG bonded using Noland UV cure adhesive. The PZT elements were placed equidistant from the plate centre, separated by 200 mm and connected to Channels A and B of the module, respectively. The sensing PZT and FBG were equidistant from the source element and positioned 40 mm apart to minimize acoustic interference (see Figure 2) . The FBG was excited by a Yanista Tunics T100R Tunable Laser Source supported by two splitters, an optical circulator, Yanista CT400 Optical Component Tester and connected to the AUSAM + Channel C optical PIN diode. The PZT elements were connected to the AUSAM + module by a combination of twisted pair wire and MMCX coaxial cables. The positive wires were soldered atop the PZT elements and the return ground wire connected to the plate using silver loaded epoxy.
All response data presented in this paper corresponds to a single Hanning windowed five cycle sinusoidal drive pulse (i.e. no averaging was applied) except for Channel C which recorded the optical PIN diode response of the FBG after 64 averages. The excitation frequency was swept from 100 kHz to 550 kHz in 50 kHz steps for both pulse-echo and pitch-catch modes. Included at the beginning of each sweep was an EM impedance magnitude measurement taken by the module on each PZT element over a frequency range of 50 kHz to 5 MHz resulting in a an aggregate sweep time of approximately two minutes.
The peak excitation voltage and acquisition gain settings were selected, taking care not to introduce signal distortion or clipping while providing the maximum response. Response data was then processed by a windowedsinc filter scaled by the excitation frequency using the upper and lower cutoffs set equal to and respectively. A further Hilbert transform was applied to aid the measurement of various mode arrival times according to the theoretical dispersion curves for the plate.
With no sensor array to gain spatial information for modal decomposition in the plate, and a sole reliance on response amplitude sensitivity for diagnostics, initial effort was directed to stability testing. Forty eight sweeps were performed over multiple days to ensure repeatability of the baseline measurements before any damaged was introduced to the plate or source PZT system.
A notch was carefully milled into the plate using a Dremel grinding disc N420 (2 mm thick) and grown in size over three steps. The notch location was 140 mm from the source PZT and cut perpendicular to the plate centre line, as shown in Figure 2 . The first cut was 20 mm in length and 0.4 mm in depth corresponding to half the plate thickness. The second cut increased the notch depth to penetrate the plate without changing its length. The third cut extended the length of the notch to 40 mm remaining equidistant about the center line and also at full plate penetration. Between each stage, ten sweeps were recorded for comparison to the baseline. After simulating plate damage via the through-thickness 40 mm long notch, damage was introduced to the bond layer of the source element by exposure to acetone. To maintain acetone saturation of the bond layer (due to rapid evaporation), the excitation PZT was enclosed in a 5 mm high well of beeswax, see Figure 2 (right). Since the beeswax attenuated the outgoing Lamb waves, a further ten sweeps were recorded before applying the acetone to establish a new baseline. With the beeswax well filled with acetone, sweeps were continually recorded over three hours.
Results
The initial repeatability test, i.e. the 48 sweeps over multiple days, showed good stability for impedance magnitude, pulse-echo and pitch-catch measurements at all frequencies for both PZT and the FBG. This is illustrated in Figure 3 for the baseline condition where two standard deviations are indicated by the shaded region. All other time history responses in this paper were taken over ten sweeps, to give an indication of variations in response where the shaded region indicates two standard deviations.
Due to paper length restrictions, only a couple of representative pitch-catch time histories, at either end of the frequency band are presented in Figure 3 . The vertical dashed lines show the theoretical arrival time of the symmetric S 0 and anti-symmetric A 0 modes, while the initial feature in the PZT response is excitation cross talk. The low excitation frequency Hilbert transform of the time history responses show clear mode packets and exhibited a general trend of attenuation as the experiment progressed through all its stages. Similar behaviours were observed for the high frequency responses. To understand the trend over all frequency responses, the attenuation, at each experimental stage, as a normalised percentage of the baseline peak amplitude of each mode was displayed in Figure 4 . Both piezo-ceramic and FBG data were analysed and data only plotted if mode shapes were coherent and clearly distinguishable from noise. The S 0 mode for both piezo-ceramic and FBG showed similar trends of attenuation throughout the experimental stages providing good validation of both interrogation modalities.
The rapid reduction of A 0 mode amplitudes towards the noise floor as frequencies increased for both the piezoceramic and FBG responses produced a smaller bandwidth of reliable data, Figure 5 . Despite no clear correlation between the trends, the attenuations increased at each experimental stage as expected. The pulse-echo data presented a more complicated picture broadly consistent with multiple reflection sources and mode conversion. The acquisition settling time, related to both the excitation quality and the electronic transmit receive switch characteristics, was 80 µs before distortion of the response disappeared. Based on the known Lamb wave velocities in the plate, the signal peak isolated in Figure 6 most likely corresponds to an antisymmetric Lamb wave produced by mode-conversion of a symmetric wave at the notch.
Similar to the pitch-catch analysis, amplitudes of the signal peak isolated from the plate damage was normalised as a percentage of the baseline over excitation frequencies. Error bars are two standard deviations while frequencies omitted are due to inconclusive data. The last stage in the experiment, where the beeswax was applied, goes against the trend of the reflected mode gaining in amplitude due to its excitation attenuating properties.
Finally, Figure 9 illustrates the effect of de-bonding of the source element due to acetone exposure. A progressive decline in signal strength was recorded for both the PZT and FBG sensors. However, the AUSAM + onboard EM impedance measurement allows the system to verify the true source of the decline in signal. The successive magnitude plots show an increase in capacitance and the lateral resonance peak which is consistent with a significant loss of stiffness in the bond-line. In other words, the change in sensor response can be confidently attributed to a change in the source element. 
Discussion
The AUSAM + experiment detected the progressive introduction of plate damage using both pulse-echo and pitchcatch configurations. While in pitch-catch configuration, the AUSAM + was also able to simultaneously interrogate an FBG that provided independent validation of the PZT response. Since the strain field transfer function of the PZT and FBG are different, they complement each other to form a richer understanding of AU plate dynamics.
In the frequencies excited, there is a clear similarity in the trends between Figures 9 and 10 showing the attenuation of the mode to the progressive stages of the notch. The half depth notch shows a moderate attenuation across all frequencies while the full depth notch shows large attenuation at low frequencies becoming less towards the higher frequencies. It's not until the full depth extended notch is introduced that the high frequency attenuations tend to catch up with their lower frequency counterparts since the response PZT and FBG are now in a line of sight shadow zone. The initially large A 0 mode response on both PTZ and FBG disappeared into the noise after frequency sweeps surpassed 200 kHz due to plate excitability providing less information than the S 0 mode.
The pulse-echo data presented a complex picture of reflections with various possible mode conversions at plate discontinuities. A reflection which we studied at approximately 135 µs is derived from the initial S 0 mode reflecting off the notch and mode converting. The presence of the reflection at higher frequencies along with arrival times and mode group velocities supported this conclusion.
Seamlessly, the PZT electromechanical impedance magnitude spectrum sweeps were able to self-diagnosis the PTZ element health and thus provide certainty of actual plate damage. The removal of uncertainty in either plate damage or element de-bonding through this AUSAM + feature is vital in providing a realistic in situ SHM capability.
Conclusions
This laboratory demonstration of the AUSAM + module provides an example of robust, purpose built and simple, to use test equipment employed for on-demand NDI required for condition-based maintenance approaches. This highly flexibility system allows custom interfaces to suit the challenges of both laboratory and airframe integration due to size, weight and packaging. Along with standard pulse-echo and pitch-catch modalities using piezo-ceramic actuators, the module can interrogate FBG and ancillary strain and temperature sensors. The onboard EM impedance capability supports the requirement for realistic embedded SHM systems to self-diagnose element degradation thereby reducing false positives as demonstrated during the final stage of the experiment.
The ease at which one can utilize the AUSAM + Matlab or Python hardware object to quickly set up SHM regimes in the laboratory has been shown. The AUSAM + system offers a promising approach to overcome the practical limitations of flight certified instrumentation while providing wide-area on demand in-situ SHM.
